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FOPEWORD

This report was prepared by George Don McTaggart. Tracy A.

Wiilwore ard Dwight G. Bannett at the University of Illinois in
the Department of Ceramic Engineering.

It summarizes work done
on the development of metal bonded zirconium diborides.

The work was done uindsr Air Force Contract Ho. W33(038)

ac-14520 identified by Research and Development Order No. 506-67,
Cerzmic Components for Aircraft Powsr Plant, administered by the
Power Plant Laboratory, Directoratc of Laboratories, Wright Air

Development Center, Mr, B. L. Paris acting as project engineer.
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ABSTRACT

Zirconium diboride powders from two producers were combined
with 20% by weight of either cobalt, chromium, nickel, or s mix~

ture of cobalt plus chromium. Compects and bars were formed using
the techniques of powder metallurgy and fired in ap argon atmos-
phere at temperatures exceeding the melting point of the metals.

A discussion of the phases present before and after firing, as
determined by X-ray techniques, is presented. Photomicrographs
showing fired porosity and microstructure of the speclimens are
discussed. Modulus of rupture determinations and tests for oxi-
dation resistance at 2000°F were made. The mixtures tssted were

fcund to have only moderate strengtﬁ. Their oxidation resistance
was tco low for them to be considered

n for usz at 2000°F in oxi-
dizing atmospheres.

2 ..

PUBLICATICN REVIEW

The publication of this report does net consti

not con tute approval
by the Air Force of the findings or the conclusions contai»ed

therein. It is published only fer the exchange and stimu. .tion
of 1ideas.

FOR THE COMMANDER:

@eﬁl\"‘v g. ]g >
N N C. APPOLD :
Coloncl, USAF

Chief, Power Plant Laboratory
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MITAL BUNUED 41RCONIUM DIBORIDE

I. INTRODUCTION

The exacting requirements of the materials suitable for
components of modern flight propulsion units have been set
forth (Ref. 1, 2, and 3) in the literature many times. This
investigation was actuated to study bodies composed of zirconium
diboride bponded with various metals in order to determine whether
or not the properties of such bodies would allow their being con-

units.
II. DISCUSSION OF THE FROBLEM
l. Literature Review

Bodies of boron-bonded zirconium diboride have been reported
(Ref. 4) to have outstanding high temperature strength, oxidation
resistance and thermal shock resistance. Such bcdies, however,
were found (Ref. 5) to be unsuitable for use s gas turbine blades
in jJet engine application. Thelr brittleness and associated lack
of impact strength proved to be the cause of fallure.

One investigation (Ref. 6) revealed the formation of complex
borides by the reaction of transition metals of the iron group
with "zirconium boride"™ or with any boride of the metals of the
IV, V, and VI groun. In that investigation, attempts to bond
zirconium diboride with metallic materials more ductile than boron
vwere unsuccessful.

Bodies composed of zirconium diboride bonded with nickel and
cobalt have been compounded (Ref. 6 and 7). While all of these
bodles exhibited low modulne ¢f rupture strengths and poor resis-
tance to oxidation, the ones bonded with cobalt and formed into
rocket nozzles were reported to perforn outstandingly well.

2. Selection ana Properties of Materials

Zirconium diboride was selected as the base ingredient for
the experimental cermets because when hot pressed without addi-
tives, it was reported to have good hlgh temperature strength,
oxidation resistance and thermal shock resistance.

Considerable information is available on the system Zr-B as
the result of the work of Glaser and Post {Ref. 8), Norton, Blu-
menthal and Sindeband (Ret. 9) and Kiessling (Ref. 10). 2Zirco-
nium diboride 1s an inter.citial compci=d naving a simple hexagonal
structure of the C32 type. The aforementioned authors are in very
close agreement on the lattice constants and density of zircogium
diboride. The lattice constants a, ané ¢, are given as 3.170
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and 3.5333.respectively. The ratio ¢/a is given as 1.11. The

density of gigconium diboride is given as 6.09g/cc and its melting
point as 3040 C,

Glaser and Post (Ref. 8) have proposed, and present evidence
for, the existence of three compounds in the system Zr-B. These
are zirconium diboride (ZrB,), zirconium monoboride (ZrB), and
zirconium dodecaboride (2rBy,). Of these compounds, only ZrB, 1s
reported to be stable in the presence oi carbon. ZrB reacts with
carbon to form ZrB, and 2rC (zirconium carbide), while ZrBI%R :

e £l

ggacts with carbon to form ZrB, plus a boron-carblde phase

Zirconium diboride has been found (Ref. 11) to be stable in
the presence ol nitrogen up tc 10%0°C.

Thermal analyses of zirconium diboride powders shcw (Ref. 12)
a strong exothermic reaction at 625°7.

The selection of the bonding metals listed below was based
cn melting point, oxidation products, ductility, avallability and
on the results of previcve lnvestigations.

M.P. Density Crystal
Megal °E. Bles _ Structure
Co 2723 8.90 FCC  agy 3.554A
51 2650 8.90 FCC  a, 3.5168%
Cr 3270 + 90 7.19 BCC  a, 2.87961

Melting points and densitizg are from the Metals Handbeok,
American Society for Metals, (1948); Crystal structure data

are from Wyckoff's Crystal Structures, Volume I, Interscience
Publishers, New York, New York.

ITII. Experimental Procedure

All bdoride aind metal powders used in this investigation
were commerclal products. Chemlical enalyses and particle size

of the powders as recelved from the producers ars listed 1n
Table 1.

In the 1nitial phases of the study, Norton Cc. zirconium
diboride (ZrB,) with an initial particle size of 40 microns and
finer vas fur%her reduced by milling it fcr 50 hours in a tung-
sten carblde mill. Tungsten carblde balls were used as the
grinding media and methanol as the mill liocuild.

The slurry from the mill was transferred to a clean countalner
and allowed to stand 1n air until the metkanol had evaporated.

WADC TR 54-194 2
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This produced a caks which was ground in an agate mortar to pass
a %0 mesh screen. The resvlting powder was then used as a stand-
ard source of milled Norton Co. ZrBp.

The milling operation required close supervision since thsre
appeared to be a reaction between the methanol and the ZrB,. Such
high pressures were produced that i\ was necessary to vent the
mill periodically in order tc prevent its end plates trom being
dielodged. The end product was assumed to be either trimethKl-
borine (CH3)3B (Ref. 13) or methyl borate (CH3)3B203 (Ref. 1h).
In spite of this evidence of resction no undediPahis effect on
the ZrBs could be detected.

an

iu view of ths apparcnt reaction noted; banzene was tried as
a mill 1iquid. It seemed to he quite inert to the ZrB, but the
fired body produced from the milled material was consigerably less
resistant to oxidation than these prepared with methanol. The use

of methanol was therefore continued.

The first experimental bodies (D-1 through D-7) were pre-
pared by combining the proper a2mounts of the minus 40 mesh dibor-
ide and minus 300 mesh cobalt metal powdsrs in an agate mortar,
adding benzene to facilitate mixing and then mixing-grinding until
the benzene had evapcrated. The 4Ary mixture was passed through a
40 mesh screen. Cylindrical specimens one-half inch in diameter
and approximatelvy three-eighths inch high were then made by dry
pressing in a hardened steel moid to 50,000 psi.

The cumpositions of all bodies and pertinent data with regard
to their batch mixing are given in Table I1I.

The c¢ylindrical specimens were fired in dried, oxygen-free
argon in a tungsten resistance furnace. The heating element 1s
in the form of a helical coll constructed to surround the speciman.
A photograph of the furnace assembly is shown in Figure 1.

The specimens were brought up tc the maximum firing tempera-
ture shcwn in Table III, in sbout one-half Lour, hald at tempera-
ture for one-half hour and then allowed to cool with the furnace.

Each fired cylinder was cut in half with a diamond saw.
Cne half was retaired to be mounted for microscopic examination,
if such was warranted, and tke other wus crushed and ground tc
pass a 20C mesh screen. Powders so prepared were then x-rayed
w4ith & Norelco Gelger Counter X-ray Spectrometer aquipped with an
iron tube. The resulting x-ray patterns were analyzed to deter-
mine i1f reactions had occurred between constituents or if any
other signa of thermal alteration zould be detected. TAentifi-
cation of the phazes present was made by comparison of the inter~
planar ("d™) spacings with those recorded in the ASTM index or
vy comparison with patterns made of the sepcrate constituents

prior to firing.

WADC TR S4-194 3
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In the initial test, body No. D-1 composed of 80 weight

per cent of Norton Co. <rB, end 20 per cent of cobalt was investi-
gated: When it was fired In argeon at temperatures up to 3200°F

& hard strong bvody with only mcderate shrinkage, expressed as

per cent of the unfired dimension, resulted. The evident tendency
of the body D-1 to develop a souné fired structure was encouraging
but x-ray studies introduced some complications. The patterns
showed the prsssnce of zirconiwr carbide and some unidentified

phisgs vhich might have been due to alteration of the bonding
metal.

In attempting to properly interpret such results certain
known factors were considered., The ZrR, unsed (ef Tablae T)
contains about 0.5 per cent of free carﬁon. After synthesis, the
Z2rB, was reduced in size by the manufacturer to 325 mesh by
grinding it in mills employing boron carbide balls. The pressnce
of ByC in the "as received” material was apparently substantiated
by a peak in the x-ray pattern which corresponded to the principal
line of ByC. Both ByC and carbon are undesirabie in diboride-
base cermets because the binder metals would react with any ByC

and to a lesser extent with carbon to form metal borides and
carbides.

Attempts were made to eliminate B.,C and free carton from
the Norton Co. ZrB, by additions of either 5 or 10 psr cent of
zirconium metal powder. It was thovght that the Zr might react
with any B?C or carbon in the mixture to form ZrB; and ZrC. Such
batches, with 2r additions, were pressed into coapacts which were
fired at 3400°F in argon. This "pre-reacted®™ material was crushed
and ground %0 minus 325 mesh. The powder was mixed with 20 per
cent by weight of minus 300 mesh cobalt and cylinders pressed
from the resulting mixture., When fired at 3400°F these specime.s
ware weak and porous. Their x-ray patterns showed appreciable
quantities of zirconia (ZrOp) to be present. The peak correspond-
ing to 2.38§ also persisted vhich was a strong indication that it
was not due to BLC as was initially thought to be possible. Zirco-
piuve hydride (ZrHp) was substituted for Zr in body D-7b in an
ettempt to remove any oxygen present during firing but no improve-
ment inm the fired bodies could be noted.

Since attempts tc improve Norton Co. ZrBs with zirconium
were unsuccessful, some means of purification wers sought. Since
iron was known to be present, the milled ZrB, was leached with
10% acetic acid and then washed with distilled water and methanol
to remove it, and, it was hoped, any other metallic contaminants.

Cylinders prepared from body D-7 (80% processed Zr3, and 4
20% Co) were fired at temperatures comparable to those used for
body D-1 in which unleached ZrB, was used. Some improvemsnt in
both fired structure and density was noted.

ik b

All mixinz of metal powders and ZrB, had beeén done by hand
up to this time. To investigate the affecty of more intimate
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mixing, %ho sompcnents of body D-7a (80% acid losched ZrBo-

204 Co} were milled together for 20 hours in methanol in the
tungeten carbide mill. Fired specimens of this body showed
appreciable improvement irn stricture when compared to body D-7.
Althcugh the powders must have been reduced somewhat in particle
size during the additional milling time, the imprcvements noted
vere belleved to be largely due to the more intimate mixing
obtained. 8Since 20 hours of mixing by ball milling was found to
be definitely beneficial, it was later practiced in the fabri-
cation of bars to be used for physicali property determinations.

In view of the results described above, Norton Cc. ZrBj
was used in additional bodies containing either nickel or
chromium as the binder metal (Bodies D-Ya and D-11 respectively).
The ZrB, which had been reduced in particle size by 50 hours of
milling in methanol and then acid leached was intimately mixed
with the selected binder metal by 20 hours of milling. The bodies
so prepared and then fired were found to have gcod sound structures.
This work plus that done on cobalt bearing bodies established the
proper techniques %o use with Norton Co. ZrB, and also the
approximate firing ranges of the various metal - ZrBs combinations.

Because of the relatively low purity of Norton Co. ZrBy, 2
sanple of "high purity™ ZrB, had been obtained from the American
Electro Metals Corporation, Yonkers, New York. Experimentation
vith this materlal was begun at this time.

The information obtained from the foregoing experiments
concerning fabricating and firing techniques made it feasible to
convert from a cylindrical %o a ber type specimen irom which more
useful information could be obtained. Body preparation and
forming techniques were also standardized.

Norton Co. ZrBo wes prepared by subjecting the "as received"
material to a 30 hour grind in methanol in the tungsten carblde
mill., The dried, milled powder was leached with 10% acetic aciad
and then subjacted tc two washings, first with distilled water
and then with methanol. Tha American Electro Metal ZrB, was
neither subjected to the 50 hour grind nor the acid leaching
since it had a nominal average particle size of 2-4 microns
and was reported to be quite pure as recelived.

Body mixtures containing ZrB, from either of the verdors
noted were proportioned by weight and mixed by 20 hours of miliing
in methanol 4in the tungsten carbide mill. The resulting slurries
were dried in air and %then granulated through a 4O mesh screen.

To facilitate the forming of the bars, five per cent by weight

of Carbowax 40OOO was added as & lubricant. The wax was dissolved
in hot benzene and the solution sdded to the dry body. The
mixture was stirred in an agate mortar until the benzene had
evaporated. It was then granulated through a 40 mesh screen

The granulated material was pressed at 30,000 psi to a
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thickness of about 0.25 inch in a hardensd steel mold with
inside dimensions of 2.96 in. by 0.40 in. Since considerable
difficulty was experienced with pressurs cracks in the pressed
bars, a change was made to hydrostatic pressing. This eliminated
pressure cracking. In hydrostatic pressing, the bars were “pre-
formed"™ by pressing the powders at 5000 psi. They were then
encased in thin-walled rubber cylinders and subjected Lo & pres-
sure of 40,000 psi in a hydrostatic pressing chamber containing
glyecerine.

Adequate dewaxing wus accomplished in a circulating atmo-
sphere of argon in a small electric furnace that was specially
constructed for such purposes. The furnace was slowly brought
up to a maximum temperaiure of 575°F and neid there [or about
two hours.

Each dewaxed bar was cut in half with a hack saw to form two
bars sbout 1 3/8 inches in lenzth. These bars were fired in the
tungsten ragistance furnace shown in Figure 2. The heating ele-
ment consists of 32 tungsten rods 0.065 inch in diameter and 14
inches Xong, hanging vertically and so arranged as to enclose a
heating chamber 2 in x 3.5 in x 12.5 irn deep.

One half of the rods are susvended from each of two water
cooled copper electrodes. These two groups of roés are connected
at the bottom by a molybdenum "shorting” rine to form a peraliel-
series circuit. Theelement, assembled as described, is enclosed
within two concentric, cylindrical molybdenum disks. Power is
supplied to the furnace through a bank of three transformers
rated at 30 KW at 20.5 volts which can be connected in several
ways through a serles of switches to glve five coarse voltage
control steps. Fine ~ontrol ix cach step 1s obtained with a 220
volt variac transforizmer. The primary voltage to the transformers
is 22C volts and by the means described above the secondary
voliage can be varied continuously from 0.0 to 20.5 volts.

The specimens, during firing, were locazed in the center of
the chamber on a grapnite tlock suspended by four graphite rods.
Zirconium diboride (ZrBp) and zirconia (2r0O,) povwders were used
to separate the bvars from the graphite blocﬁ. Zirconls was itne
more satisfactory as the binder metals in the cermets would wet
ihe powdsred ZrB, and causs it to stick to the bars. The temper-
ature was measured by sichting an optical pyrometer on the speci-
men through a glass prism located on top of the furnace shell.

No corrections were mads for abscrption by the prism or for
variations in emissivity.

A mechanic.l pump was uced to =vacuate the furnace chamber
to a pressure of 100 microns of mercury or less. Dried, oxygen-
free srgon was then introduced into the furnace until the pressure
irn the chamber slightly exceeded eight cm of mercury above atmo-
spheric pressure. At this pressure the argon circulated through

WADC TR 54%-194% 6




the system and escaped through a columr of mercury. After
flushing the system for about five & ~utes, the argon was cut off
and the furnace evacuated agaii. Argon was then readmitted to
the furnace and allowed tc circulate for the firet five mirutes
of the firing c¢ycle. Thereafter the argon was cut off and firing
rrocesded in a static argon atmosphere at a pressure of eight cm
of mercury above atmospheric rressure.

Initialiy, a firing schedule of two hours was used. In this
case the heating was too rapld and some of the specimens cracked
badly. When the time teken to reach maximum temperature was
increased to five and six hours, sound bars were obtained. With
the slower rate of heating, the specimerns were at a temperature
well sbove ths meltirg point of the bonding metal pnase for a
considerable period of time and at the final temperature for
from two to three minutes. The specimens were then allowed to
cool with the furnace.

The faces ol the fired bars were ground flat on a diamond
grinding whssl to prepare them for modulus of rupture determina-
tions. The apparatus initially used for modulus of rupture tests
vas designed in the Department of Theoretical and Appiied Mechanics
at the University of Illinocis. It is shown in Figure 3. Compen-
sation for warpage in the bar or for non-partalleliam of ths faces
wvas made by movements of the knife edges. The advantages of this
apparatus were offgset by the difficulty of its adjustment and the
tire-consuming nature of the operation. A second device for modu-
lus of rupture testing (Figure %) was therefore constructed which
had fewer adjustments but at the same time had sufificient flexi-
bility to compensate for minor inaccuracies. Both devices were
mounted in a lever loading type Tinius Olsen machine. The breskirg
span was 1.0 inches for both. It was possible to apply load
either by a harid crank or a variable speed electric motor but the
hand crank was used since the slowest possible rate of mechanical
loading seemed to be too rapid. With the hand crank, however, some
variation in loading was unsvoidable.

One half of each bar broken in cross pending was ussed tc
determine vulk density by ths susvended weight method. Values
reported are therefore the averages of several determinations.
Zylene (sp gr O.8641) was used as the saturating and suspending
medium. Saturation was accomplished by exposing a container in
which the specimens were immersed to a partial vacuum. An an~ly-
tical balance was used to make all weighings.

One half-bar of each body was mounted in lucite for micro-
scopic study of the structure in the as-fired condition. A second
half-bar was crushed and ground to pass a 200 mesh screen and the
powder x-rayed to check the results previously obtained with cylin-
Jrical specimens.

Other halvee of modulus of rupture test barsz were used to
xaiv = comparative test of the resistance of these bars to
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oxidation. The specimens were placed on an Inconel plate and
exposed at ' 200°F fo the normal atmosphere of a small electric
furnace. Suparate sets of specimens were oxidized at 5, 10, 15,
20, and 60 hours. The effects of the oxidation treatments were
determined by visual inspections, x-ray diffraction and micro-
scopic examination of the vodies.

BEach oxidized specimen was sawed into two parts with a dia-
nond cut off wheel. One half was c¢rushed in a hardened steel
nortar to pass a 200 mesh screen. The powders were x-rayed with
the Norelco unit and the resulting patierns analyzed to deter-
mine the products of oxidation. The cut face of the otasr half
was ground flat on a diamond grinding wheel ard the specimen
mounted in lucita in preparation for polishing.

The polishing of all fired specimens, either oxidized or
unoxidized, was a difficult, time consuming task. Felt lap
vheels impregnated with coarse and then fine diamond dust were
first used. The felt ‘ap was kept saturated with methanol to
provided adequate lubricaticn. Some difficulty was experienced
in this respect since if the felt was allowed to get too dry,
both specimen and lucite mounting wculd get hot. Cracked and
unsatisfactory mounts were the result. Using extreme care,
however, polished sections could be ohtained with this technique.

The technique which was adopted involved a rough grind on
either a lap covered with 240 grit silicon carbide paper and
wetted with water or on a glass plate covered with 600 mesh
boron carbide suspended in oil. The specimens were then trans-
ferred to. a felt covered lap wheel impregnated with a medium fine
diamond finishing compound suspended in spindle oil. A second felt
covered lap wheel impregnated with extra fine diamornd finishing
compound in kerosene was then used. Rouge, on a felt covered
wheel, was used for a brief final polishing to emphasize the
details of the internal structure of the body.

IV. RESULTS AND DISCUSSION

1. ZX-ray anaiyses

Whon the ZrBy from the two different sources was x-rayed in
the "as received™ condition, two interplarar spacings were obtained
in each case which were not listed in the “d™-spacings adopted as
standard for this investigation.* These spacings were equal to
3.04A and 2.39% and corresponded to peaks on the Norelco patterns
(Figure 5) at 37.3° and 47.8°, respectively. These peaks persisted
in the x-ray patterns of 21l subsejuent experimental bodise. The
bodias were gquite djverse in composition and in many instances
contained ingredients that would have reactsd with eny logical zon-
taminants to which these extra peaks could be attributed. It was

e s i s i TNV OB AT P AP NN TN, SR

* Since no standara interplanar spacings for ZrBs; are recorded in
the ASTM Index. the values adopted for this compound were
obtained from the KNorton Company.
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therefore concluded that they were characteristic of the partic-
ular stocks of ZrB, used. They were so considered in the anal-
yses of all x-ray results.

Processing Norton Co. Z2rB, by ball milling, acetic acid
leaching, and washing with water and then methanol caused a minor
change in the x-ray patiern (Figure 95). An additiocnal peak
appeared at 45.0° (2.53A) which was probably due to tungstem car-
bide (WC) picked up from the mill and balls during grinding. Fir-
ing this processsd material without additives resulted in further
changes as can be seen in Figurs 5. The peak at 45.0° disa Qeared
but additiopal peaks appeared at 50.2¢ (2,281), Sk.9° (2.10&; and
Y3.4° (2.614). The peak at 50.2° probably was due to alpha WoC
which wasz formed from the WC. The latter two peaks did not occur
in the patterns when ZrB, from either company was fired "as
received” which shows that they were not due to thermal alteration
of some constituent in the original material. The same two peaks
were also present in most of the patterns subsequently cobtained
for fired metal-ZrB, combinations, regardless cf the source of the
ZrB» or the metal agded. These peaks usually arpeared in the same
pattern but in isolated cases the peak for the 2.61% line occurred
witl.out that for the 2.10§ line. Such results indicate the form-
tion of a definite structure - directly due to processing and fir-
ing - in those bodies which contained milled ZrBp. The material
responsibie for the two erxtraneous lines could not be identified.
It is probable, as will be explained later, that they are due to a
zirconium-base material.

The possibility that these peaks might be due to a zirconium-
boron-oxygen compound, formed during firing from residues from the
action of the methanoi on the ZrB., was discounted when attempts
to produce such a cor 'nd by heafing different combinations of
zirconium and boric o. de in air did not precduce a material whose
x-ray pattern had matc ing peaks.

More complex results were obtained when the fired bodies of
the cobalt series were x-rayed. Comparison of the patterns in
Figure €, which are typical of this group, with those in Figure 5
showe that caveral new peaks appeared.

Study of all the patterns for this group disclosed that Zr0O,,
as well as the material responsible for the two lines 2.61 and
2.10A, was present in all the bodies to which only cobalt had been
added. Almost every x-ray pattern also had a moderately strong
peak corresponding to a "d"-spacing of 1.998. One exception was
that of body D-12 which contained 80% AEMC ZrBs.

The indications of the presence of elemental cobalt in those
bodies were inconsistent, although 20, 25, and, in one special
case, 30% was added. Similar results were ncted in an investiga-
tion of cobalt bonded TiC in which cobalt could not be detected
in amounts up to 30% (Ref. 16). Wyckcff (Ref. 17) mentions that
cobalt may be altered by grinding so that mixed packing of cubic

WADC TR 54-194 9
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and hexagonal modifications rssults. In this case many of the
x-ray reflections become diffuse. Similar conditions may have been
encountered in thils investigation.

In additlion, in the patterrns of the cohalt series, peaks
vhich were generally very smal) and which corresponded to "d"-
spacings of 2.69, 2.33, 1.6% and 1.46 Angstiroms appeared for the
first times. However, not every one of these appeared in every
pattern and none of them appeared in the pattern of body D-12.
These may indicate the presence of ZrC but this i{dentification is
nade with reservations 1n view of the pcssibllity that the lines
may be due to a s0lild solution of ZrC and ZrB, It 12 theorized
that these pesks did not appear in the pattern of body D-12 because
the firing temperature, 2830°F, of this body was below that neces-
sary for solution. Some support is given to this theory from the
patterns for all bodies which ccntalned binder metsls., It was
noted that the relative intensities of the peaks under discus-
sion increased directly with firing temperature.

The p~=sibilities for the formation of a solid solution of
2ZrC-ZrB are based on the followirg factors. While these are
presented during the discussion of fhe bodles of the cobalt series.
the same considerations apply to ali metal bonded bodies.

The monoboride of zirconium, waich was reported to have an
x-ray pattern identical to that of 2rC, has been proposed (Ref. 8).
ZrB 1s considered unstable =t room temperature in the presence of
0.5% or more of carbon, rsverting to ZrBs and 2rC (Ref. 8). How-
ever, 1t has been reported that the temperature dependence of the
cubic meonchorides can be 'eliminated'! through small percentages of
the parent carbide in solid solution. With about 15% b— weight
ZrC in solutlon with ZrB; its temperature range can be _xtended to
the melting point" (Ref. 15%).

In this investigation, the helght of some of the peaks -
which is an indication of the amount of the phase present - attri-
buted to ZrC are suchi that it 1s difficult to account for enough
carbon contamination to produce so much of the compound. But if
ZrB was formed by a reduction of the boron content through the action
of the methanol, the propcsed ZrC-ZrB so0lid sclution could easily
be present in amounts sufficlent tc produce the sizes of peaks en-
countered. Therefcre, although the "d"-spacings under discuesion
are referrad to in this roport as 1identifylng ZrC, 1t should be kept

in mind that this phase may be a solild solution which includes ZrB
and zZrC.

A speclal body was prepared to demonstrate that the lines
2.69, 2.61, 2.33, 2.10, 1.66 and 1.4 Angstroms could conclusively
be associa%ed with zirconium compounds. This was composed of 20%
Co-t% ByC-76% Nerton Co. processed ZrBy and it was fired at 2950°F.

The additlon of W% ByC to the Co-ZrB, combination was expected
to provide an excess of boron sio that any pos:uibie deficlency of
this element in the processed ZrB, would be allevistedi. Since 1t

WADC TR 54-19% 10
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va3 known that ZrB, is more stable than either ZrB or ZrC, these
were not expected to be present after the body had been fired.
The boror from the Byl would react with the ZrC and ZrB to form
ZrBp. Any boron in excess of the requirements for these conver-
sions wouid react with the cobalt.

The x-ray pattern of this body (Figure 6) showed that the
only zirconium compounds present were ZrBp and 2r0p. There was
some evidence that the carbon had combined with the cobaslt to form

cobalt carbide (Co3C) and strong evidence that cobalt monoboride
(CoB) had formed.

The patterns (Figure 7) of bodies D-9a and D-13, which con-
tained N1 and Norton or AEMC ZrBj, respectively, showsd that sle-
mental Fi, ZeBp, Zr0; and “ZrC" were present a!&er firing. The
2.104 iine was present in tae pattern of beody D-13 (AEMC ZrB3)
but not in that of body D-9a. Mogerately strong ¥eaks equivalent
to “G"-spacings of 1,928 and 1.62% were also obtained for body D-13.
Reither of these was identifled with any specific compound.

Analysis of the x-ray patteirns (Figure C) of the two chro-
mium bonded bodies revealed the presence of Cr, ZrBp, Zr0, and
"ZrC®, It was noted that elemental chromium was much more strongly
indicated in body D-11 than in D-14 and alsc that bod; D-14 pro-
dvced a line at 2.10A while body D-11 had one at 1.294., No logi-
cal explanation for this erratic behavior hes been developsd.

The x-ray pattern of body D-18 (Figure 9) which contained 10%
Cc-10% Cr - 80% AEMC ZrB, showed that the two metals formed a
solid solution as was desired. This fired body 2leo contained
Zr0p, "ZrC" and the same unidentified phases which had been encoun-
tered in other bodies.

2, Mcroscopic Examiration

Photomicrographs of all compositiorna at 100X, as shown in
Pigures 10 through 17, were made to compare their porosities. The
photomicrographs are sciewhat miasleading since an nnidentified
s0lid phass cannot readily be differentiated from ths actual vcids.
This condition is exemplified by cobalt bonded body D-12 which
shows (Figure 13) & large number of dark areas and, apparently. a
high porosity. Examination of the same body at 1000X (Figure 21)
showed that most of the black areas were a solid phase of glass-
like texture and color. Chromium bonded bodies contained the least
smounts c¢£ this unidentified phase. For example, the dark areas
shown in Figure 12 (chromium bonded Zr35,) are volds whiie those in
Figure 13 (cobalt bonded ZrBp) are = mixiture of volds and the uni-
dentified phase,

Body D-1l, chromium bonded ZrB,, had an unusual fired structure
which may be seen in Figure 1l2. w1€hin the body were small granules
separated from the matrix. They were the rssult of inccmplete
breaking up of the cake of the freshly ground body mixture during
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the granulating process. This left small, harl nodules composed
of particles in very intimate contact by virtue of the settling
action of the solids during the evaporation of the methanol.
Ferming pressures were not high enough to crush them and thes loose
poWder gsurrounding them was not compacted to an equivalent dens-
ity. When fired there was a differential shrinkage sufficient to
separate the nodules from the matrix. The internal cracks so
introduced bad a detrimental effect on the modulus cf rupture as
may be seen fror the results summarized in Table III.

Microscopic examinatlon of all of the bodies at 100CX
revealed several general characteristics. The structure <f all
bodlies consisted of a continuous ZrB; skeleton filled in with
the binder metal. There appeared to be very little difference in
the stiructure of Lhe ZrBp from the two diiferent sources.

Growth of the ZrB, grains was evident in every case. As can
be seen from the photomicrographs in Figures 18 through 25, the
structures of the skeletons and of the individual grains variad
depending upor the metal used. Cobalt promoted the formation of
large, well rounded grains. When nickel was used; the ZrB; grains
vere smailer and possibly slightly more angulsr. With chromium,
the grain size o the diboride was similar to that in the nickei
bodles but the grains were more angular and tacked together at
edges and ends to form the skeleton. Also, the skeleton appeared
to be more continuous. The most prominent example of grain grosth
occurred in the cobalt-chromium bondea body D-18 (Figure 25).

It is possible that graim growth was affected by the degree
of fluidity of the metal during the maturing fire. The firing
temperaturcs used approached the melting polnt of chromium but
were 200°F or more above the melting point of cohalt.

An unidentified phese, dark brown to black in color and with
a vitreous luster, was present to some extent in every dbody. Some
grains weie semi-transparent. Wwhen observed in its various forms,
the term "glass-like" seemed to aptly describe this phase., It was
not &ffuscted dy long immersicn in hot water and the HF-HNO,-CHOH
etching golution attacked it only to akout the gsame degree™ag 1t
did the ZrB,. Though visually strongly resembling a glass, some
hesitancy was felt in positively identifying it as such since the
formation of a highly stable glass from materials available in the
experimental compositions seemed unlikely. This phase appeared 1n
the largest amounts in cobalt bonded bcdles and to the least extent
in chromium bonded bodies.

The photomicrographs of the etched specimens show a rather
interesting charactieristic cf the ZrB, itself. Many of the grains
show raised portions which might be described as plateaus. Since
careful inspection of individual grains in the unetched state had
not revealed any evidence of discontinuities corresponding to thcse
plateaus, 1t was concluded that this condition is due to preferen-
tial etching.

WADC TR 54%-194% 12
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The microscopic studies did not effectively differentiate
between ths various phases which the x-ray analyses indicatsa
wers presgent. Cobalil was revealed whereas in the z-rzy analyses
there was no very strong indication of its presence. Solution
effects were evident in the ccbalt and cobalt-cheomium bonded
bodies through the growth and rounding of tie grairs. The Zrdp,
not found in microscopic studies, was prcbably due to coxygen

adsorbed during milling and was thsrefore well dispersed. The

clusters of a gray matsrial notsd in many bodies might possibly

be the "ZrC* phase shown in x-ray patterns.
3. Physical Properties and Sintering Characteristic

The physical propertiss determined for the ZrB, bise cermets

are given in Table III. The procedures used in body preparation
are given in Table II,

Data for the cobalt bonded series (Bodies D-1 through D-7b)
show Che beneficial effecis derived from acid leaching and mechan-
ica” mixing of bodies containing Norton Co. ZrBo. The addition
of z2irconium, either as tre element or as ZrH», did not improve
tle sintering characteristics of cobalt bonded compositioms.

The densities of the different metal bonded bodies except
those bonded with chromlum did not closely approach the theoret-
icai densities for such compositions. Bodies containing Norton
Co. ZrB, had, except in the case where chromium was added, consis-
tently ﬁigher densities than their AEMC Z:rB, counterparts.

The substitution of 10 per cent chromium for ¢obalt in Body
D-18 did not produwsce any change in physical properties from those
of the comparable cobalt body. This substitution, hovwever, was
made in an attemp?t to increase the oxidation resistance rather than
to produce an; decided change in other physical properties. Simul-
taneously reducing the cobalt content and increasing the firing
temperature of ihe Co-AEMC ZrB, series (Body D-17) likewise did not

L L o > A v
effzct mmch change,

The x-ray analyse 10

s showed, in all cases, the presence of con-
siderable extraneous material

e £

In general, all bodies were quite porous. Body properties
could probably be improved by chaiges in processing techniques

provided the reasons for the alteration of constituents during
firing were clearly understood.

The moduluy of rupture values listed in Tatle 1II are quite
low when compared to values reported for some of the more highly
developed TiC base cermets. However, due to lack of standardi-
zation in specimen size and breaking span, the results are not
necessarily directly comparable.

Of all bodics tested, those bonded with chromium were the
strongest. The nodular nature of body D-11 (Figure 12) as com-

pared to body D-1b% (Figure 15) explains the difference in sirength
WADC TR $4-19% 13
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of the two bodies. The nodular structure of body D-1l1l with
voids arounsd the nodules and the reasons for this condition have
already been discussed. Both bodies were fired to 3275°F, the
limit of the furnace. An increase in the firing tomporat re to

about 3400°F would probatly produce an increase in strength
through a better bonded body.

There appears to be a relstionship between the strength of
the various bodles and the amount of "glass-like™ phase present.

Those with the greateszt amount of this phase had the lowest
strength.

4, Oxidation Tasts

The resul:s of the comparative oxidation tests are shown in

Flggres 22& 27 and 28 and in the x-ray patterns shown in Figures
’

The compositions containing cobalt, nickel, and cobalt plus
chromium oxidized badly during hours of heating at 2000°F 4in
stlll air. The chromium bonded vodies were more resistant to

oxidation but in all cases the reaction was so great that weight
shange data were not taken.

A glass of high By03 content wasz quickly formed on the surfacse
of the cobalt bonded spelimens. As oxidation progresssd; the
glassy phase seemed to be concentrated at the ox1dized-unoxidized
interface as it moved progressively into the body. This left a

porous surfac: layer composed prinecipally of Zr2:z but contalning
some Co0-Coo03.

The nickel bonded bodies had reacted severely aftsr 5 hours
heating. The porous nature of the bodiess ==y hava permitted rapid

psnetration of oxygen. X-ray p-tter"- £ the oxidized surfacs
did not, in general, contain peaks »or the original constituents

er of any of the anticipated prcducts cof oxidation. Body D-Qa
hovever vas found (Figure 7) tc contain appreciable amounts of
ZrC, af éer the 60 hours of heating in air at 2000°F.

The reacticn products constituted weak, porous layers which
could bhe separated with ease from the specimens.

Visual examination of the specimens bonded with the cobalt-
chromium combination was misleading since there appeared to only
slight surrace oxidation. Sectioning of th2 specimens, however,
revealed deep penetratli a. Theé x-ray analysis showed a breakdown

of the Co:Cr solid solution with chromium being detected but not
cobalt.

The chromium bodies, as was noted, were the most resistant tc
oxidation, It is probable that a surface layer ~omposed of the
oxides of chromium, zirconium and borcn was formed in such propor-
tions that it did not become fluid at 2000°F Dbut fused sufficiently
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to form a protective barrier.

In all cases, the principal oxidation product was ZrOg
large quantities present are indicative of the poor oxidat

resistgnce of ZrB,. Ouly chromium showsd an indication‘;f‘§r0~
ducing sinteresd bodies which had appreciable oxidation resistance
at 2000°F.

. The
on

V. SUMMARY

When zirconium diboride was milled in methanol, & reaction
occurred which yielded a product having a very high vapor pres-
sure. The product of this reaction may be either trimethylborine
or methyl borate. X-ray patterns of such ZrB, samplcs fired
without metal additives indicsted that a new but unidentified
phase had been developed. This could possibly have been a
zirconiur compound. No detrimental effects could be directly attri-
buted to the reaction or to the new phase developed.

Benzene, when substituted for methanol as the mill fluid, did
not appear to react with the ZrEp but resulting bodies had poorer
oxidation resistance than those containing ZrB, milled in methanol.

Leaching Norton Co. ZrB, in acetic acid to remove ircn produced

beneficial results when the leached material was used in metal-
Z2rBo bodies.

Zirconium diboride was bonded by additions of 20 per cent by
weight of cobalt, nickel, and chromium, or a mixture of ten per
cent cobalt and ten per cent chromium oy firing in an argon atmo-
sphere at temperatures equal to or above the melting points cf
the respective metals., All bodies consisted of a continuous 2rB,
skeleton filled in with the honding metal. In all cases the ZrBj
underwent considerablée grain growth. The ccbalt bzaring bodies
developed the largest grainec., The degree of grain growth appeared
to be arfected by the fluidity of the metals present. Bodies
fired at or near the melting poirt of the binder metal exhibited
sintering with but little grain growth whereas bodies fired at
temperatures appreciably above the melting point of the bdinder
metals showed considerable grain growth.

No particular advantage was found in usirg high purity 2rBp
nor were any radical structural differences noted for comparable
bodies containing ZrB, Ifrom the two scurces.

The zirconlum diboride cermets develcped a phese during
firing which was conditionally identified as ZrC on the basis of
the x-ray analyses., Data showing that this phase may have been
a solid sclution of ZrC and ZrB ware presented., Some inccnsis-
tencies in the x-ray results were noted; in isolated cases, "d”"-
spacings could rot positively be assigned to specific compounds.

Many of the fired composi.ions contained an unidentified
"glass-iike® phase. The amount of this material varied with com-
pngition, an¢ 1t was most prevalent, as determined optically, in
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bedies containing cobalt. Some correlation between the amount of
this phase and the modulus of rupture scemed to exist.

No evidence of the borides of the bonding metals was found by
x-ray analyses of the fired metal - ZrB; combinations. When ByC

was deliberately added, boriaes of the bonding metal were easigy
detected.

Cobalt was shown by microscopic techniques to be present in
Co-ZrBs bodies. The weak indication of Coc by x-rays may bs szx-
plainei by Wyckoff's mixed packing theory. Chromium and nickel
were found by both techniques.

ngth.

The bcdies tested had only moderate transverse stre
The physical propertiss of ths bodles couid probably be improved

by changes in processing techniques which would be ccniingent upon
an understanding of the reason for the appearance of new phases

and their subsequent @limination.

The resistance to cxidation was too low for these bocdies to
be serinusly considerad for use at 2000°F in oxidizing atmospheres.
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Etched 5 minutes in a solu-
tion of 4 parts 48

parts conc., HNO3 plua §k
parts methanol.

a. Unetched

Rounded grsins are ZrBj vhich show corsiderable grain growth.
‘The light areas axround the grains are cobalt. The black areas are
a glassy material.

Fig. 18 Fhotcmicrograph of polished section of body D-7a. - 20%
fggglt, 80% Norton Co. ZrB, fired at 2900°F inu argon.
X

a. Unetched be Etched 5 minutes 11 ‘a solu-
tica of 4 parts 48% HF, 2
parts conc. Hh03 plus L
perts methanol,

Light grey grains are ZrB, which show slijht grain growth. The
dark grey grains are ZrC. The black areas are a glassy material.

Fig. 19 Photomicrograph of polished section of body i-9a - 20%
rickel, 80% Norton Co. ZrBs - fired a2t 3100°F in argon.
1000X
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a. Unetched b. Etched $ minutes in a solu-
tion of 4 parts 48% HF, 2
parts conc. HNO3 plus 94
parts methanol.

The whitish grains are ZrB, which shows considarable grain growth.
“he background material is chromium. The grey grains are ZrC. The
black areas sre a glassy material.

Fig. 20 Photomicrograph of polished section of body D-11 - 20%
ehromium, 80% Norton Co. ZrBy - fired at 3275°F in argon.
1000X

‘ 2 ? 2 .h*_

a., Unetched b. Etched 5§ minutes

in a solu-
tion of 4 parts 8% HF, 2
arts cone. HND, plus oL

parts methanol.

Light area is Zr5, in a matirix of cobalt. Bleck areas are a
glassy phase.

Fig. 21 Photomicrogragh of polished section of body D-12 - 204
cobalt, 80% LEMC ZrB, fired at 2900°F in argon. 1000X
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a. Unetched t. Etched § minutes 1; a qolu-

tion of 4 parts 48
parts conc. HN03 plu; ék
parts methanol

The 1ight colored grains are ZrB, in a matrix ¢ nickel. The
grey girains are ZrC. The black areas are a glassy phase.

Fig. 22 Photomicro raph of polished section of body D-13 - 20¢
nickel, 80% AE < 2ZrB, firsd at 3100°F in argon. 10001

f
LW NE, S
. ’M&-fk Sl
ﬁtja. e {
j]& “. 9*”““?’?;*” :
3. Unetched b. Etched < minutes in a s0lu-
tior of 4 parts W8%Z H¥, 2
parts conc. 9N03 plus 9@
parts methanol.

Light colored grains are ZrEs; in a matrix of chromium. The
grey grains are ZrC., %he black areas are a glassy phase.

rig. 23 Photomicrograph of polished section of body D-1% - 20%
chromium 80% AEMC ZrB, fired at 3275°F in argon. 1C00X
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a. Unetched b. Etched 5 minutes in a solu-
tion of &4 parts 4B8% HF, 2
parts conc. HNO3 plus 9%
parts methanol.

Light colored grains arz ZrBs in a matrix - € cobalt. Black
areas are a4 giassy phase. The grey grains are ZrC.

Fig. 24 Photcmicrograph of polished section of body D-17 - 15%
cobalt, 85; AEMC ZrB, fired at 306C°F in argon. 1000X

A G AP,
a. Unetched b. Etched 5 minutes in a solu-
tion of h parts 48% HF
parts conc., HNO3 plus §k

parts methanol.

Light colored grains are ZrB, which shows appreclable groath
and coalescense, The matrix msteriali 13 an alloy of cobalt and
chromium. The grsy grains are Z2eL., The black areaz a2re a glassy
phase.

Fig. 25 Photomicroéraph of polished ssction of body D-18 - 10%

cobalt, 10% chromium, 80% AENC ZrB, fired at 3275°F 1n
argon, 1000X
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Surface of the specimen fired
in argon at 2900°F. Dark

area is the result cf diamond
grinding.

Surface of bhar (a) after 5 hrs.
at 2000°F in air. 3hows large
aT€&€as of giuss formation.

White powdery material is Zr0Q,.

7X

Section through bar (a) after
Shows uncxidized material in
the oxidized layer.

70X

re 26 Photomicrographs of Body D-7a - 80% Norton Co. ZrBp plus

-
20% Co - showing the effects of oxiziation at 2000°F,
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Figure 27 Photouicrographs of body D-11 - 80% Norton Co. ZrR
20% Cr showing the effects of oxidation at 20U0%F.
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aes uUurface of the specimen fired
in argon at 3275°F,

7X

7 Surface of tihe test specimen
(a) after 60 hours at 2000°F
in air.

7x

c. Section through the test
specimen (b) showing the oxi~
dized layer; zone of reaction
and the rain body.
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a. Surface of the specimen fired
in argon at 3275°F.

7x

b. Surface of the tezt specinmen
(a) after 60 hours at 2000°F
in air.

7X

C. Sacticn through the test
specimen (b) showing the zone
of oxidation and the exten-
sive oxlds layer.

70X

Fééure 28 Photomicrographs of body D-18 - 80% AEMC ZrB,, 10% Co plus
10% Cr showing the effect: »f oxidation at 2000°F.
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7able I. - Properties of Coastituenis of Metal Bonded Zircc-

wiuwm Diboride Bodies

Material Supplier

ZrBz(l} Norton Co.

ZrBo> American Electro
- Metals

R A. D, Mackay

Co A. D, Mackay

Cr A. D. Mackay

(1) Lot No. D-12, 185
Zr - 78,444
B - 18.7%
C - 0.46
Pe - OC.4%2
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ity Particle size
. 83 received
96(2) %0 microns and finer

2-4 microns avewrze

9.14 microns
300 mesh
%0 microms and finer

Estimated from chemical
analysis. This material
contains boron in excess
cf that required for the
Zr rresent.
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